Philadelphia (Ph)-positive leukemias invariably contain a chromosomal translocation fusing BCR to ABL. The BCR-ABL protein is responsible for leukemogenesis. Here we show that exposure of bcr-null mutant mice to gram-negative endotoxin led to severe septic shock and increased tissue injury by neutrophils. Neutrophils of bcr (-/-) mice showed a pronounced increase in reactive oxygen metabolite production upon activation and were more sensitive to priming stimuli. Activated (-/-) neutrophils displayed a 3-fold increased p21 'ac~ membrane translocation compared with (+/+) neutrophils. These results connect Bcr in vivo with the regulation of Rac-mediated superoxide production by the NADPH-oxidase system of leukocytes and suggest a link between Bcr function and the cell type affected in Ph-positive leukemia.
Introduction
Chronic myelogenous leukemia (CML) is characterized cytogenetically by the presence of the Philadelphia chromosome and clinically by a clonal expansion of neutrophils and their myeloid precursors. Philadelphia chromosome (Ph)-positive leukemias have a specific reciprocal translocation, [t(9;22)(q34;q11)], which fuses the ABL protooncogene to BCR (Heisterkamp et al., 1983; Groffen et al., 1985) . BCR-ABL transgenic mice and retroviruses have been used to show that the resulting fusion protein, BCR-ABL, is directly responsible for the generation of leukemia (reviewed by Van Etten, 1993; Heisterkamp et al., 1993a) .
The product of the ABL gene is a ubiquitously expressed tyrosine kinase, and its activation in BCR-ABL by the BCR moiety is essential for the development of leukemia (reviewed by Van Etten, 1993) . The normal function of ABL in vivo is unclear, abl-null mutant mice are runted and die 1-2 weeks after birth. In addition, many show B and T cell lymphopenia, the cause of which remains unknown (Tybulewic et al., 1991; Schwartzberg et al., 1991) .
The 160 kDa product of the BCR gene has several distBoth authors made an equal contribution.
tinct domains. The segment encoded by exon 1 has serine/ threonine kinase activity in vitro and is responsible for activating ABL in the chimeric BCR-ABL gene product (Maru and Witte, 1991; McWhirter and Wang, 1991; Muller et al., 1991) . BCR exons 3-10 have sequence homology to the DBL proto-oncogene, a guanine nucleotide exchange factor for human CDC42 (Eva and Aaronson, 1985; Hart et al., 1991) , suggesting a similar catalytic activity for Bcr. In vitro, the C-terminal end of p160 b°r has GTPaseactivating protein (GAP) activity toward the small GTPbinding proteins Racl and Rac2, and CDC42 (Diekmann et al., 1991; Hart et al., 1992) . Racl and Rac2 belong to the Rho family of small p21raS-like GTPases, members of which are involved in cytoskeletal organization. Racl is required for growth factor-induced membrane ruffling of Swiss 3T3 fibroblasts. Bcr can regulate th is Racl-induced ruffling in vitro, since microinjection of the purified Bcr GAP domain abolishes this process (Ridley et al., 1993) . A number of other proteins are also GAPs toward Racl or Rac2 in vitro, including rhoGAP, ~-chimaerin, n-chimaerin, ABR, and p190 (Diekmann et al., 1991 ; Leung et al., 1994; Ahmed et al., 1994; Heisterkamp et al., 1993b; Ridtey et ai., 1993) . Because of the multitude of proteins implicated in the in vitro regulation of Rac, the in vivo importance of the Bcr GAP activity toward Rac is unclear.
On the basis of the data described above, Bcr seems likely to play a role in signal transduction. However, no naturally occurring mutants have been identified, nor has Bcr directly been shown to participate in signal transduction in vivo. Therefore, we have generated bcr-null mutant mice to examine the function of Bcr in normal and leukemic cells within the context of a whole organism. Our results connect Bcr for the first time with the regulatory control of Rac in vivo during neutrophil priming and activation and suggest a correlation with the cell types involved in Ph-positive leukemia.
Results bcr Gene Targeting
A segment of the genomic murine bcr gene containing exons 2, 3, and 4 was isolated from a B6CBA/F1 mouse genomic library (Figure lb) . A targeting vector, containing a large 15.5 kb genomic segment, was constructed in which exon 2 was partially replaced by insertion of the positive neomycin resistance selection marker (Figure 1 a) . The construct was electroporated into embryonic stem (ES)-D3 cells, and correct targeting, as confirmed by Southern blot analysis, was obtained.
Clone pl 1.2, which contained a correctly targeted bcr gene, was injected into recipient C57BL/6 blastocysts and chimeric and bcr (+1-) animals obtained. The line was test-bred to C57BL/6, CF-1, and B6CBA/F1 females.
Mutant bcr (+1-) animals appeared phenotypically normal, and matings between heterozygous animals yielded the expected Mendelian ratio of wild-type, heterozygote, and homozygote offspring• Fertility of null mutant males and females was normal.
Northern blot analysis with a bcr exon 1-specific probe did not reveal any stable messenger RNA(s) in (-/-) mouse brain (data not shown), which has the highest level of bcr expression in wild type (Heisterkamp et al., 1993b) . To confirm that no bcr gene products were being synthesized in the mutants, Western blot analysis was performed, bcr (+1-) animals expressed levels of bcr approximately half of that of wild type (Figure 2 ; compare lanes 1 and 2), whereas the bcr (-I-) mice produced no p160 b°r (Figure 2, lanes 3 and 4) . Together, these results demonstrate that the mutant (-/-) mice indeed produce no Bcr.
Hematopoietic Development and Lymphoid Function Are Intact in bcr (-/-) Mice
Because of the involvement of BCR in leukemia and its suggested role in myeloid development (Bedi et al., 1993; Wetzler et al., 1993) , composition, and functionality of mutant hematopoietic compartments were examined in detail. In wild-type animals, different hematopoietic tissues and cells, including splenocytes, thymocytes, total bone marrow, and neutrophils, express significant amounts of p160 ~cr (data not shown). However, mutant and wild-type hemograms were alike. Size, cellularity, histology, and composition of spleen, thymus, and bone marrow were similar in (-/-) and wild-type tissues (data not shown). Isolated (-/-) splenocytes responded normally to T and B cell mitogen stimulation in vitro as determined by [3H]thymidine incorporation (data not shown). Functional adequacy of the humoral immune response was confirmed in vivo by challenge with sheep erythrocytes (SRBC): anti-SRBC antibody titers in bcr ( -/ -) and bcr (+/+) serum were similar (data not shown). Amounts of myeloid differentiation antigen-positive (GR-1 ÷) cells in hematopoietic tissues (bone marrow, spleen, and thymus)were comparable for wild-type and mutant animals, and peripheral neutrophil counts yielded similar numbers for (+/+) and (-/-) animals(respectively, 19•5% _+ 9•3%, n --17, and 19.4% _ 5.7%, n = 22). This shows that Bcr plays no clear role in these aspects of hematopoietic regulation and function.
Microfilament Reorganization in bcr (-/-) Cells
Because of the GAP activity of Bcr toward members of the Rho family in vitro, we examined microfilament reorganization in bcr (-I-) cells. Three independent primary skin fibroblast cultures were established from both (+/+) and (-/-) genotypes. In vitro growth characteristics ofbcr (-I-) fibroblasts were similar to those of (+/+) fibroblasts. Cells were stimulated with recombinant human platelet-derived growth factor (PDGF). No apparent effect of the bcr-null mutation was found on the appearance and degree of PDGF-induced membrane ruffling in primary fibroblast cultures (data not shown)• Neutrophils undergo extensive morphological changes when activated. Two key functions of neutrophils, chemotaxis and phagocytosis, involve microfilament reorganization, and we compared these activities in bcr (-I-) and bcr (+/+) polymorphonuclear neutrophils (PMNs). Phagocytic ingestion of latex beads by isolated (-/-) PMNs in vitro was not impaired; the percentage of cells involved in phagocytosis and the number of microspheres ingested by neutrophils of both genotypes were comparable (data not shown). In vivo chemotactic ability of bcr (-I-) neutrophils w~.s confirmed by their presence in peritoneal exudates: (+/+) and (-/-) lavage yielded equal amounts of PMNs. Wild-type and mutant PMNs spread equally well on fibronectin-coated slides, and F-actin distribution was comparable for wild-type and mutant neutrophils (data not shown), demonstrating lack of gross abnormalities in cytoskeletal reorganization in (-/-) cells.
Experimental Endotoxemia Causes Septic Shock and Severe Tissue Damage in bcr (-/-) Mice
To test for possible abnormalities of bcr ( -/ -) neutrophils in inflammatory processes in vivo, experimental endotoxemia was induced with a sublethal dose of bacterial endotoxin (lipopolysaccharide [LPS] ) in bcr (-I-) and bcr (+/+) animals. Under these conditions, wild-type mice devel- oped mild symptoms that disappeared within 12-24 hr. In sharp contrast, ( -/ -) mice gave clear evidence of serious distress within hours of endotoxin injection. The clinical condition of the mutant mice deteriorated rapidly and developed into septic shock, which was characterized by decreased spontaneous movements in the cage, increased respiratory rates, piloerection, shivering, and diarrhea; this condition persisted in (-/-) mice for at least 4 days. Null mutant animals displayed a sustained loss of body weight and delayed recovery from endotoxemia as compared with wild-type mice (Figure 3a) . The pathological condition of (-/-) animals was accompanied by increased intestinal edema (n = 4): wet weight/dry weight ratios were notably increased in null mutant mice (data not shown). Animals were also sacrificed at 2, 6, 24, 48, and 72 hr after endotoxin injection. Histological analysis of wild-type and bcr-null mutant tissues revealed extensive damage to multiple organs only in the bcr (-1-) mice. Degenerative changes in the small bowel of (-/-) animals were obvious at 24 hr after LPS injection. While the ileum of a (+/+) animal at 24 hr revealed normal histology (Figure 3b, left) , the presence of cellular debris and mucus plugs in the intestinal lumen and in between microvilli of a (-/-) animal indicated marked necrosis of mucosal epithelial cells (Figure 3b, right) . Extensive vacuolization in proximal convoluted tubules and cortical necrosis was obvious in the kidney of (-/-) animals from 24 hr to 72 hr (data not shown); collapse of glomeruli (diffusely cellular, undistended capillaries) was apparent as early as 6 hr in (-/-) kidneys, at which time leukocytosis was most prominent. Liver sections of (-/-) mice at 6 hr also showed marked leukocytosis: margination in portal veins clearly involved neutrophils, and presence of PMNs in hepatic sinuses indicated an active neutrophil recruitment; (-/-) liver parenchyma displayed distinct fatty vacuolization at 72 hr (data not shown). At this time, hematopoiesis in (-/-) bone marrow presented a distinct shift toward granulopoiesis as compared with (+/+) bone marrow (data not shown).
In other experiments, changes in total numbers of circu-lating leukocytes and specifically neutrophils were monitored during the course of LPS-induced endotoxemia. Both (+/+) and (-/-) animals responded to LPS injection with decreased leukocyte counts and a relative neutrophilia that developed within 6 hr, 55.1% _ 12.6% (+/+) and 85.0% _+ 11.1% (-/-), respectively (percentage ratio of PMNs to leukocytes). While the total number of circulating neutrophils in wild-type animals did not change notably within the first 24 hr, the total number of circulating neutrophils had increased 2-to 3-fold in (-/-) animals within 6 hr (data not shown). Neutrophilia was more pronounced and sustained in null mutants; the percentage of neutrophils was still markedly elevated over wild-type levels at 48 hr, 26.6% _+ 13.0% (+/+) and 56.4% _.+ 1.0% (-/-) (percentage ratio of PMNs to leukocytes). Neutrophilia was confirmed by flow cytometric analysis of whole blood samples and coincided with an altered body weight lossregain curve (data not shown).
Histological time course analysis of the experimental endotoxemia showed that at 6 hr, neutrophil margination and infiltration were significantly more prominent in (-/-) tissues than in (+/+) counterparts (data not shown). This distinct granulocytosis was not as obvious at early stages (1-2 hr) in either wild-type or mutant tissues, suggesting that neutrophil infiltration per se was not elevated in null mutant animals at initiation of the inflammatory response.
Tissue Damage in Endotoxemic bcr (-I-) Mice

Is Mediated by Neutrophils
The experiments above showed that (-/-) mice developed septic shock and significantly more pronounced inflammatory tissue injury than (+/+) animals and suggested that this was caused by neutrophils. However, although the induction of experimental endotoxemia with LPS rapidly results in the recruitment of massive amounts of neutrophils, this process is mediated by the concerted effort of, among others, macrophages, endothelial cells, and neutrophils, as well as multiple cytokines (Edwards, 1994) . Therefore, the possibility existed that lack of bcr augmented the inflammatory response through mechanisms unrelated to neutrophils.
We tested this by inducing neutropenia, as described by others in experiments linking multiple system organ failure to neutrophils (Hewett et al., 1992; Simpson et al., 1993; Wakiyama et al., 1993) . Wild-type and mutant mice were first rendered neutropenic by cyclophosphamide (CTX) treatment. The animals were then injected with LPS to induce endotoxemia. Of the four experimental groups, only the control null mutant animals (LPS alone) displayed the earlier-described clinical manifestations associated with severe septic shock. Neutropenic animals ([+/+] and [-/-]) recovered as fast as wild-type control animals (LPS alone) from experimental endotoxemia, which was also reflected by the progression of body weight loss and regain (data not shown).
Generalized and specific tissue damage was assessed by plasma lactate dehydrogenase (LDH) and plasma aspartate and alanine aminotransferase (AST and ALT), plasma creatinine, and blood urea nitrogen (BUN) level measurements at 24 or 48 hr after LPS or CTX plus LPS injection. In concordance with histological findings, null mutant mice injected with LPS only had considerably higher levels of plasma LDH and AST (Figures 4a and 4b) and ALT, BUN, and creatinine (data not shown) than the wild-type animals, indicative of considerable damage to the hepatic and renal organ systems, among others. The combined treatment with CTX and LPS was somewhat more damaging than injection with LPS alone (in wild-type animals), but no significant differences were measured between neutropenic animals of either genetic constitution. At 48 hr, the degenerative histological characteristics associated with renal system organ failure in (-/-) kidney were absent from (-/-) mice treated with LPS plus CTX, and no differences were noted between ileum and liver of either wild-type (LPS), wild-type (LPS plus CTX) or mutant (LPS plus CTX) mice (data not Shown). Thus, the biochemical and clinical differences between neutropenic and normal (-/-) animals were unambiguous: preestablished neutropenia prevented the distress caused by the experimental septic condition. Taken together, these results demonstrate that neutrophils are responsible for the severely aggravated pathological condition observed in bcr (-/-) mice.
Superoxide Production by bcr (-I-) Neutrophils
Is Elevated
During the respiratory burst, neutrophils generate reactive oxygen metabolites via the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase system. These metabolites are the major mechanism for killing microorganisms. Bone marrow (BM) neutrophils, circulating neutrophils, and elicited (e.g., through peritoneal injection of casein) peritoneal exudate (PE) neutrophils can all perform the respiratory burst if appropriately activated, although they differ in their degree of biological maturation. BM granulocytes of (-/-) and (+/+) mice were purified through density gradient centrifugation. Upon activation with phorbol myristate acetate (PMA), bcr (-I-) neutrophils showed an almost 100% increased respiratory burst compared with that of wild-type neutrophils (Figure 5a ). Consistent with this result, the respiratory burst evoked in vitro by both non-receptor-and receptor-mediated stimuli (PMA and N-formyI-Met-Leu-Phe [fMLP], respectively) in (-/-) PE neutrophils was also higher than that of corresponding wild-type cells (Figure 5a ). Since the duration of respiratory burst was similar for both (+/+) and (-/-) neutrophils, the increased production rate resulted in a correspondingly 2-fold higher endpoint O5 production by (-/-) neutrophils under in vitro conditions (Figure 5b ).
bcr (-I-) Neutrophils Are More Easily Primed and Activated
Priming of neutrophils by very low concentrations of agonists (which, by themselves, do not activate the neutrophil) causes an up-regulation of their function upon subsequent activation. This includes the oxidative burst (Edwards, 1994) . We used BM-PMNs to investigate whetherbcr(-I-) neutrophils were more readily primed than wild type. BMPMNs were left undisturbed or were treated with concentrations of PMA (as described by Shaafi et al., 1988; Lofgren et al., 1993 ) that were too low to cause priming of (+/+) neutrophils. Interestingly, this same concentration of PMA did prime (-/-) PMNs, resulting in superoxide production that was 260% of that of t+/+) PMNs (Figure 5c ), while resting levels of superoxide production of primed (-/-) and of (+/+) neutrophils were negligible (data not shown). This suggested that bcr (-/-) BM-PM Ns were also more sensitive to priming stimuli than wild-type PMNs. Heterozygous (+/-) and wild-type responses were alike ( Figure 5c ). We determined whether (-/-) neutrophils in circulation also had an increased sensitivity to stimuli, or showed elevated superoxide production in vivo, or both. Peripheral blood neutrophils were allowed to take up 2'7'-dichlorodihydrofluorescein diacetate (DCFH-DA), and intracellular oxidation of DCFH to fluorescent dichlorofluorescein (DCF) by reactive oxygen metabolites was measured. Resting neutrophils in whole peripheral blood samples of (+/+) and (-/-) mice showed a similar baseline fluorescence (data not shown). Circulating neutrophils were then harvested from mice after a brief (60 min) exposure to a low (<2 mg/kg body weight) dose of LPS. This dose is more than 10-fold lower than that used to induce experimental endotoxemia. Without additional (in vitro) activation, over 50% of the bcr (-/-) neutrophils showed a high level of spontaneous cytoplasmic fluorescence, as compared with an identically treated wild-type control (Figure 6a) .
The circulating neutrophils ofbcr (-/-) animals in severe septic shock and from similarly treated control (+/+) mice were also examined 48 hr after LPS injection. Neutrophils isolated from (-/-) mice showed extensive spontaneous (i.e., no additional activator was added in vitro) respiratory burst, while the neutrophils of similarly treated wild-type mice again showed only baseline fluorescence ( Figure  6b ). This demonstrated that the severe septic shock exhibited by the bcr (-/-) mice was accompanied by a massive production of reactive oxygen metabolites by activated PMNs. 
Increased Membrane Translocation of p21 'ac~ in ( -/ -) Neutrophils
Apart from the more generalized function for Racl in membrane ruffling, Racl and Rac2 also play an important specialized role in the NADPH-oxidase system of phagocytic cells (Knaus et al., 1991; Dorseuil et al., 1992; Abo et al., 1991; Heyworth et al., 1993) . Since Bcr is a GTPaseactivating protein for Rac in vitro, we asked whether the deregulated production of oxygen radicals in bcr(-/-) ne utrophils was related to Rac. PE neutroph ils were isolated from bcr (-/-) and bcr (+/+) mice. These neutrophils had been activated in vivo. One portion was left without further treatment, the other additionally activated in vitro. Membrane and cytoplasmic fractions were assayed quantitatively for Rac2 by Western blotting and densitometry. The total amount of Rac2 recovered (membrane plus cytoplasmic fractions) was approximately equal for bcr (-/-) and bcr (+/+) neutrophils. In wild-type mice, the amount of Rac2 present in the membrane fraction after in vivo activation was initially low (Figure 7 , lane 1), but increased nearly 2-fold upon further (in vitro) activation (lane 2). Similar data were previously obtained by Quinn et al. (1993) with human neutrophils. In bcr (-/-) mice, a substantially higher amount of Rac2 was associated with the membrane (Figure 7 , lane 3): a 3-fold increase was measured in comparison with wildtype cells (lane 1). In vitro stimulation of the bcr (-/-) neutrophils did not further increase the level of membraneassociated Rac2 (Figure 7 , lane 4).
Discussion
Lack of Correlation between bcr Expression and Mutant Phenotype
The bcr gene is expressed in many different types of tissues in the mouse. During development, it is detectable from the zygote stage on, and expression continues throughout embryogenesis (unpublished data). The absence of a functional mouse bcr gene, however, has no apparent effect on fertility or development. A role of BCR in myeloid development (Bedi et al., 1993; Wetzler et al., 1993) has also been suggested. Although bcr is expressed in all mature hematopoietic cell types tested, size, cellularity, histology, and composition of the major hematopoietic organs (bone marrow, spleen, thymus, and blood) were similar in wild-type and bcr-null mutant mice. We conclude that lack of Bcr alone is not sufficient to perturb myeloid and lymphoid development or T and B lymphoid function in vitro and in vivo. However, it is possible that disturbances, if any, will become apparent with advanced age.
To explain the preferential involvement of the maternal allele of BCR in the Philadelphia translocation, it has been suggested that the BCR gene may be imprinted (Haas et al., 1992) . In our bcr mutant mice, the remaining bcr allele is actively expressed in heterozygote brain (Figure 2) and in blood cells of heterozygotes (+/-), regardless of whether the allele is from paternal ([+/-] male x [ -/ -] female) or maternal origin ([+/-] female x [-/-] male) (our unpublished data). This is in agreement with experiments performed with human peripheral blood (Fioretos et al., 1994) . In all experiments in which neutrophil function was tested, bcr heterozygote (+/-) responses were found to be com parable to those in wild type, which would seem to eliminate the possibility of a gene dosage effect of monoallelic loss of bcr.
Activities of Bcr In Vitro and In Vivo
Similar to several other proteins, Bcr has GAP activity toward p21racl~'~c2 and CDC42Hs, members of the Rho family of small GTP-binding signal transduction molecules. One function identified for p21 '~cl is that it mediates mitogeninduced membrane ruffling in fibroblasts . When Swiss 3T3 mouse fibroblasts are microinjected with the GAP domain of Bcr, PDGF-induced membrane ruffling is abolished (Ridley et al., 1993) . Mouse bcr was abundantly expressed in our wild-type skin fibroblast cultures and in neutrophils (unpublished data). We examined both membrane ruffling and cytoskeletal reorganization in isolated bcr (-/-) cells but were unable to find any differences between (-/-) and (+/+) cells. We conclude that there must be a functionally redundant mechanism that compensates for the lack of Bcr, such as one involving the Bcr-homologous protein p93 a~ (Heisterkamp et al., 1993b) , in membrane ruffling. Alternatively, Bcr does not interact with the Rac that is involved in this process. Adhesion and cell spreading of neutrophils did not appear affected by lack of p160 ~r, in agreement with earlier observations that demonstrated that Bcr does not stimulate GTP hydrolysis by p21rh°, a regulator of focal adhesion and stress fiber formation, in vitro .
Bcr Regulates Oxygen Radical Production in Neutrophils
Neutrophils are key mediators in the defense against invading micro-organisms, and inherited or acquired impairment of the production of reactive oxygen metabolites by neutrophils can lead to life-threatening infections. Although the primary function of neutrophil-and macrophage-produced oxidants is microbicidal, paradoxically, the reactive oxygen metabolites they produce can also cause extensive injury to surrounding tissue. This is of great clinical importance; generalized inflammation in gram-negative sepsis is perpetuated by phagocytic superoxide release and may evolve into septic shock and multi-pie organ system failure (Shasby et al., 1982; Demling, 1990; Shiratori et al., 1990; Yoshikawa et al., 1994) . Therefore, the production of toxic oxygen radicals must be tightly regulated: biologically appropriate amounts must be produced only at the site of inflammation, and only after proper activation.
Our experiments show that bcr is important for at least two potentially overlapping aspects of this regulation. First, activated neutrophils isolated from bcr (-I-) bone marrow showed up to 100% increased production of reactive oxidants in vitro as compared with wild-type neutrophils. Similarly, bcr(-I-) exudative neutrophils showed an elevated superoxide production. Circulating neutrophils isolated from severely endotoxemic bcr (-I-) animals produced reactive oxygen metabolites without further additional in vitro activation. Thus, the regulation of absolute amounts of superoxide production is impaired in bcr (-I-) neutrophils.
Second, (-/-) neutrophils are more sensitive toward priming stimuli. After activation, primed (-/-) neutrophils from the bone marrow produced an even larger excess of superoxide than similarly treated (+/+) neutrophils. Circulating neutrophils of bcr (-I-) mice injected with a low dose of LPS showed a significant increase in DCF fluorescence after uptake of DCFH-DA in comparison with identically treated control animals. This is indicative of the intracellular production of reactive oxygen metabolites. We conclude that bcr (-I-) neutrophils are more readily primed in comparison with wild-type neutrophils.
Circulating neutrophils are expected to be exposed to priming substances in vivo. Regulation of neutrophil activity at this level appears biologically quite important in vivo, as is dramatically illustrated by,the severe pathological reaction of bcr(-I-) mice to experimentally induced endotoxemia. Experimental endotoxen'~ia led to extensive tissue damage in bcr (-I-) animals, as measured by clinical, biochemical, and histological ~)arameters; (-/-) mice became lethargic and overtly sick and in some instances even died.
In conclusion, Bcr normally has a function in the negative regulation of the oxidative burst in neutrophils. This is consistent with the negative regulatory effect of Rac GAPs in in vitro experiments (Heyworth et al., 1993) . In particular, our data point to a specialized role of Bcr in the protection of the organism against premature activation of the oxidative burst.
Regulation of Rac2
Is Affected by Lack of Bcr P21 r~cl/ra°2 is an essential part of the activated respiratory burst (NADPH)-oxidase present in neutrophils, macrophages, and B cells (Abo et al~, 1991; Quinn et al., 1993; Knaus et al., 1991; Bokoch and Knaus, 1994; Benna et al., 1994) . Activation of the NADPH-oxidase in a cell-free assay is completely dependent upon the presence of GTP, and nonhydrolyzable GTP analogs potentiate O2 production (Bokoch and Knaus, 1994 , and references therein). Inhibition of Rac function blocks superoxide (O~-) production (Knaus et al., 1991 ; Dorseuil et al., 1992) . Upon neutrophil activation, Rac undergoes a GDP-GTP exchange and translocates from the cytosol to the plasma membrane . This translocation correlates ~ith oxidase activation and the generation of reactive oxygen metabolites (Quinn et al., 1993) . Several proteins exhibit regulatory activity as a GAP toward Raol and Rac2 in vitro (Diekmann et al., 1991; Heisterkam p et al., 1993b; Ridley et al., 1993; Ahmed et al., 1994; Leung et al., 1994) , including Bcr. We therefore examined Rac translocation in bcr (-/-) neutrophils.
Although fl~e total amount of Rac2 was similar in bcr (-/-) and (+/+) neutrophils, its subcellular distribution in PE neutrophils, which were activated in vivo, was different. Purified membrane fractions of elicited PE bcr (-I-) neutrophils showed a significantly increased translocation of p21 rat2 to the membrane, providing evidence for a direct link between Bcr and Rac2 in the biochemical processes that lead to superoxide production. It is of interest that further in vitro activation of bcr (-I-) neutrophils had no effect on the level of Rac2 translocation. This suggests that there is a maximum to the amount of Rac2 that can be membrane associated, in vitro, the GAP function of Bcr stimulates GTP hydrolysis by Rac (Diekmann et al., 1991) , thereby rendering Rac inactive. Because of this, it is tempting to speculate that relatively more p21 rac is present in a GTP-bound state in primed or activated neutrophils that lack cellular Bcr, and that this causes an increase in membrane association. Since the process of GTP loading by itself is sufficient to cause Rac to translocate to the membrane (Philips et al., 1993; , the increased membrane association of Rac2 in the bcr (-/-) neutrophils would correspond with the presence of increased levels of Rac-GTP in the cell.
BCR in Disease
These studies were initiated to explore the normal cellular function of a gene that is involved in Ph-positive leukemia in humans. In the leukemic cells of such patients, only one intact BCR allele remains; the other is rearranged as a result of fusion to ABL. The BCR-ABL fusion protein consists cf BCR exon 1-encoded sequences and often also includes the DBL homology domain. The carboxyterminal end of BCR-ABL contains almost all of the ABL protein. The BCR GAP domain is translocated to chromosome 9 (reviewed by Van Etten, 1993; Heisterkamp et al., 1993a) and may be transcribed as a chimeric mRNA from the ABL promoter (Melo et al., 1993) .
Our data define BCR as a protein that functions as a regulator of the respiratory burst in certain hematopoietic cells; phagocytes (neutrophils, macrophages) and B cells are all specialized hematopoietic cells with an active NADPH-associated oxidative burst complex (Edwards, 1994) . It is unlikely to be a coincidence that these cell types are also involved in Ph-positive leukemia.
There appear to be a number of discrete mechanisms through which BCR contributes to leukemogenesis. One is at the level of transcription: the BCR promoter controls expression of both the remaining nonrearranged BCR allele and the BCR-ABL oncogene in human leukemia.
Apart from the structural influence on ABL in BCR-ABL (Mar~u:and Witte, 1991 ; McWhirter and Wang, 1991 ; Muller et al., 1991) , BCR may contribute to leukemia on another level: the.presence of a functional p160 ccr was proposed as a requirement for malignant transformation by BCR-ABL I.:u et al., 1993) . We are now able to test this hypothesis in BCR-ABL-transgenic bcr (-I-) mice.
Independent of the exact mechanism, it seems reasonable to conclude from our data that there is a correlation between the cell type affected in Ph-positive leukemia and Bcr function. In addition, the findings presented here connect p160 ~r with the regulatory control of the cellular Rac-GTP/Rac-GDP pool in vivo during neutrophil priming and activation. Although its exact function remains to be established, it is clear that Bcr has a previously unsuspected role as a regulator of the oxidative burst. Because of the clinical importance of neutrophils in, among others, adult respiratory distress syndrome, bacterial septicemia, and rheumatoid arthritis, it will be of interest to examine Bcr regulation and activity in these clinical conditions as well as in normal cells.
Experimental Procedures
Construction of bcr Targeting Vector and Generation of Null Mutant Mice
The mouse bcr locus was cloned from a partial Mbol BsCBNF1 genomic library. Targeting vector pBEKO-2 was constructed by replacing a 500 bp XhoI-Clal fragment, spanning part of bcr intron 1 and exon 2, with a 1.7 kb XhoI-Clal fragment that contained a PGK-neo-poly(A) cassette. Negative selection was with a herpes simplex virus thymidine kinase gene. pBEKO-2 DNA (25 p.g) was linearized with Notl and used to electroporate 2.5 x 10 ~ ES-D3 cells. ES cultures were maintained on STO feeder layers in medium supplemented with 70% buffalo rat liver cell-conditioned medium. DNA from individual colonies was digested with Clai-Xbal or Hindlll-Xhol (Figure 1 ) and hybridized to external probes. Of 35 doubly resistant clones screened, 10 had undergone homologous recombination. Injected blastocysts were cultured overnight and then reimplanted into 2.5 days pseudopregnant females.
Western Blot Analysis
Tissues and organs were homogenized and analyzed by immunoblotting procedures essentially as described (Harlow and Lane, 1988) . The bcr (AB-2) anti-human BCR monoclonal antibody (Oncogene Science, Incorporated) is directed against an epitope in exon 8. Rac2 antiserum was as described (Quinn et al., 1993) .
Membrane Ruffling
Primary skin fibroblast cultures were established from term embryos or newborn pups. Membrane ruffling was studied in chamber slides (Nunc, Incorporated). Confluent wild-type and mutant fibroblast cultures were stimulated with 6 ng/ml PDGF-BB (human recombinant; GIBCO BRL) in serum-free medium at 37°C, 100% humidity, 5% carbon dioxide as described . Durations of stimulation were 0, 2, 5, 10, and 30 rain. Cells were fixed in 7.4% formaldehyde and stained with a NBD-phallacidin solution (Molecular Probes, Incorporated) containing lysophosphatidylcholine (Sigma) to permeabilize the cells. Ruffle formation was studied by using Nomarsky and fluorescent microscopy. The extent of ruffling by wild-type and mutant fibroblasts in response to PDGF was assessed by blinded analysis.
Neutrophil Spreading
Neutrophils were allowed to attach to fibronectin-coated slides for up to 45 rain at 37°C, 5% carbon dioxide, and 100% humidity. Cells were fixed with 7.4% formaldehyde in PBS and permeabilized and stained for F-actin with a lysophosphatidylcholine, NBD-phallacidin solution (Molecular Probes, Incorporated). Comparison of cell spreading, focal adhesion, and lamellipod formation of wild-type and mutant neutrophils was done by blinded analysis.
Phagocytosis Assay
Exudative neutrophils and BM neutrophils were incubated at a density of 1 x 108cells/mlinKRPGbufferinsiliconizedtubes.A50-foldexcess of fluorescent latex beads was added (Fluoresbrite; Polysciences, Incorporated). In some experiments, neutrophils were stimulated with 100 ng/ml PMA. Incubations were carried out at 37°C with gentle agitation and stopped at 30 rain, 60 rain, 90 rain, or 120 min by addition of ice-cold PBS. Phagocytic ingestion was assessed by flow cytometric analysis. The amount of cells participating in phagocytosis and the amount of fluorescent microspheres ingested were evaluated.
Induction of Endotoxemia In Vivo
Age-and sex-matched animals of 23-25 g body weight were anesthetized with metofane (methoxyflurane; Pitman-Moore) and injected intraperitoneally with 20-22 mg LPS/kg body weight unless differently stated. Changes in body weight were monitored at 24 hr intervals; the general clinical condition of the animals was monitored at regular intervals during the days following induction of experimental endotoxemia. To assess acute edematous bowel injury, animals were sacrificed 2 hr after administration of LPS. Wet tissue weight was determined immediately; dry tissue weight was determined after overnight incubation at 80°C. The ratio of net wet weight to net dry weight was calculated. As reported previously (DeForge et al., 1994) , no measurable edema formation was found in lung tissue at 1 or 2 hr after LPS injection. Three experiments were done. Heparinized blood was centrifuged, and plasma was collected and frozen at -80°C until analysis. BUN, serum creatinine, ALT, AST, and LDH were determined at the clinical laboratories of Childrens Hospital, Los Angeles.
Induction of Neutropenia
IsolatiOn of Neutrophils from Bone Marrow and Peritoneum
Bone marrow was used as a source of unelicited PMNs (Jutila et al., 1991; Levinovitz et al., 1993) . BM-PMNs were obtained by density gradient centrifugation (Watt et al., 1979) . PE-PMNs were isolated by peritoneal lavage, 4 hr after injection of 2 ml of 0.05% sodium caseinate. Lavage was performed by washing the peritoneal cavity twice with, respectively, 6 and 8 ml of ice-cold Hanks' balanced salt solution (HBSS) buffer (GIBCO BRL) supplemented with 2 U/ml heparin. Care was taken not to cause internal bleeding while collecting exudative neutrophils. Washed neutrophils were suspended in cold KrebbsRinger phosphate buffer containing 1 mg/ml glucose (KRPG buffer). Mature BM-PMN phenotype was confirmed by microscopic analysis. Purity of the BM-PMN and PE-PMN populations was assessed by flow cytometry: a consistent purity of 85%-95% and 90% or higher for GR-1 ÷ cells was found for BM-PMNs and PE-PMNs, respectively. Equal levels of PE-PMN activation were measured by staining with anti-CD1 lb (Ml/70.15) monoclonal antibodies (Caltag).
In Vitro Superoxide Production Assay
Respiratory burst was induced by stimulation of 5 x 10 s mouse PM Ns/ 250 Id with 100 ng/ml PMA (BM-PMNs and PE-PMNs) or 1 x 10 -5 M fMLP (PE-PMNs), in standard KRPG buffer. O; production was followed for 5-10 rain in a kinetic microplate reader by inhibitable ferricytochrome C reduction (Mayo and Curnutte, 1990) . The rates of fMLP-and PMA-induced superoxide production were consistent with previous observations. The range of superoxide production by PMAstimulated wild-type BM-PMNs was 10-15 nmol O;/min/107 cells; wildtype PE-PMN Vm~ values ranged from 35 to 45 nmol O~-/min/10 ~ cells. Preincubation was accomplished for varying amounts of time (90-120 min) at 37°C with low (0.1-1.0 ng/ml) PMA concentrations that did not evoke measurable superoxide production in either (-/-) or (+/+) PMNs. Following preincubation, the cells Were stimulated with 100 ng/ml PMA. The maximal rate of cytochrome C reduction was calculated by using the extinction coefficient 21.1 mM -1 cm-1. All PM N exper-iments were carried out within 2 hr of isolation. Animals used in each individual experiment were always age-and sex-matched.
Priming and Activation of Circulatory Neutrophils In Vivo
Animals were injected with lipopolysaccharide. At the indicated time points, animals were anesthetized with metofane, and 50-100 ~1 blood samples were taken by retro-orbital sinus bleeding. Erythrocytes were lysed, arid leukocytes were washed with PBS and suspended in 500-1000 ~1 of PBS containing 40 I~M DCFH-DA. Cell suspensions were incubated in siliconized 5 ml polypropylene tubes for 30-45 min at 37°C under reduced light, while gently agitated. Cells were then fixed by addition of 1 vol of ice-cold 2% paraformaldehyde and immediately analyzed by flow cytometry essentially as described (Himmelfarb et al., 1992) .
Translocation of Rac2 to the Membrane
Exudative neutrophils were isolated and prepared as described above. Cells from 15 mice were pooled and divided into two equal portions, one for each experimental point. PMNs were treated with diisopropyl fluorophosphate (DFP) prior to activation with 10 ng/ml PMA. Stimulation occurred at 37°C in siliconized tubes, in the presence of superoxide dismutase, catalase, and 0.1% bovine serum albumin. Incubations were terminated after 7-8 min by addition of ice-cold reaction buffer. Cells were disrupted by nitrogen cavitation as described elsewhere (Quinn etal., 1993) . Membrane fractions were obtained by centrifugation over a discontinuous sucrose gradient and examined by Western blot analysis as described (Quinn et al., 1993) . Relative amounts of Rac2 were determined by video densitometry using an image analysis system.
